Introduction
Local drug application to the inner ear is becoming of increasing interest in basic research and in clinics as a more effective delivery route compared to systemic applications [1] . In addition to the identification and testing of substances for the treatment of inner ear disorders, it is important to develop appropriate drug delivery systems and protocols.
There are two main routes for local drug delivery to the inner ear: (1) intracochlear or intravestibular drug delivery, and (2) intratympanic (extracochlear) drug application to the round window membrane (RWM) .
At the present time, opening of the human inner ear for the sole purpose of local drug delivery is rarely performed. Intracochlear or intravestibular drug delivery is generally limited to situations where the inner ear is already opened for another reason, such as cochlear implantation [2] , or where the applied drug is intended to be ablative [3] . Also drug application into the opened vestibule during stapes surgery might be of interest.
For intratympanic drug delivery to the RWM, a variety of drug delivery systems have been developed for use in humans and animals. Single or repeated intratympanic injections may be performed with ( fig. 1 b) or without ( fig. 1 a) visualization of the RWM. Drug application may or may not involve injection onto gelfoam sponges and wicks ( fig. 1 c) volume [4] [5] [6] [7] [8] or the use of biodegradable polymers ( fig. 1 f) [9] [10] [11] . In addition, continuous or discontinuous drug applications may be performed by partly or fully implantable catheters and pump systems ( fig. 1 d, e) [12-16, 29, 30] . For a review, see Salt and Plontke [17] .
In addition to aspects such as efficacy, safety and feasibility, the choice of the appropriate delivery system must consider drug pharmacokinetics in the inner ear which is critical to the outcome. Experimental studies of substance distribution in the inner ear are technically challenging due to the small geometry and the difficulty in accessing the inner ear in many species. However, new sampling techniques in combination with quantitative methods for the interpretation of results have led to a basic understanding of substance distribution within the inner ear after local application [17] [18] [19] [20] 24] .
In this article, we present the calculated distributions of methylprednisolone within the scala tympani of the guinea pig after local applications to the RWM using different drug delivery systems. From the results of these simulations, conclusions can be drawn that guide the choice of the appropriate delivery systems for different therapeutic purposes. These findings are relevant to the future development of drug delivery systems for the inner ear.
Methods
Simulations of glucocorticoid distribution in the cochlear fluids were performed using the Washington University Cochlear Fluids Simulator, version 1.6i. This public-domain computer model is available at http://oto.wustl.edu/cochlea/. The computer program is a finite element model that incorporates many of the passive physical processes by which solutes spread in the inner ear. The program takes into account known parameters such as (1) cross-sectional area of each scala as a function of distance, (2) RWM area and its geometric relationship to the scala tympani, (3) the size of the vestibule, and (4) the rate of substance diffusion as based on molecular weight and temperature. It also incorporates processes with unknown parameters including (5) the rate of substance removal (clearance) from the middle ear, (6) the rate of clearance from each of the inner ear fluid compartments to the systemic blood circulation, (7) the rates of substance exchange between inner ear compartments, and (8) the entry rate of substances through the RWM. 'Clearance' from a specific compartment includes all processes involved in the removal of a substance, including binding, metabolism and movement into the systemic circulation. The use of the simulator and details of the program have been described in detail elsewhere [20, 21] .
The simulation of glucocorticoid time courses in the scala tympani for different delivery strategies was based on parameters derived from a former interpretation of pharmacokinetic studies in the inner ear after local drug application [22] . Specifically, the following parameters were used for simulating the distribution of methylprednisolone succinate (50,000 g/ml; molecular weight: 374.48 g/ml; diffusion coefficient: 0.784 ؒ 10 -5 cm 2 /s) after topical application to the RWM in the guinea pig: clearance half-time from scalae to systemic circulation: 130 min; interscala communication half-time: 45 min; RMW permeability: 2 ؒ 10 -8 m/s.
The simulated application strategies were as follows. (a) A single intratympanic injection of 100 l of drug solution, a so-called 'one-shot' application. It was assumed that after 30 min the drug was removed from the middle ear (comparable to the clinical situation with the patient standing up and/or swallowing following injection) so that no further drug would enter the scala tympani through the RWM ( fig. 2 a) . No middle ear clearance was assumed for this condition. (b) A single intratympanic injection of 100 l solution but without volume loss of the applied drug solution over time. This can be described as a 'one-shot' application with volume stabilization. In this case, the entire volume applied was assumed to remain in the middle ear space. Drug movements could occur either from the middle ear into the scala tympani or from the scala tympani into the middle ear depending on the direction of the gradient across the RWM. This scenario was calculated without middle ear clearance ( fig. 2 c) and for a middle ear clearance of drug with a half-time of 100 min ( fig. 2 b) . This allowed us to estimate the influence of middle ear clearance on the drug distribution in the cochlear fluids. (c) The third strategy simulated mimicked a continuous delivery of drug to the RWM for 7 days ( fig. 2 d) .
The total simulation time was 2 days (plot axis in fig. 2 a-c: 1 day) except for the 7-day continuous delivery where substance distribution was simulated for 10 days. All calculations assumed that there was negligible longitudinal volume flow along the scala tympani [23] . For all simulated scenarios, the maximum concentration over the entire application time (C max ) and the total dose, calculated by the product of concentration and time (the area under the curve, AUC), were calculated for different locations along the scala tympani ( fig. 3 ).
Results and Conclusions
The simulations show that longer drug applications to the RWM result in higher absolute drug levels within the inner ear. This is in accordance with recent animal experimental data where longer application of a glucocorticoid to the RWM of the guinea pig resulted in significantly higher drug levels than short application times [18] .
For all application scenarios, significant concentration gradients between the basal and apical parts of the cochlea are predicted ( fig. 2 , 3 ) . The analysis also suggests that brief applications produce the highest drug gradient along the scala tympani with respect to C max with minimum drug levels in the apical region. These concentration gradients for methylprednisolone along the scala tympani are qualitatively consistent with those measured recently for a ionic marker (trimethyl phenyl ammonium chloride) and for gentamicin by using a novel method of sequential apical sampling [19, 24] . In contrast, prolonged drug applications are predicted to result in a more uniform distribution ( fig. 3 a, c) . On the other hand, comparisons of AUC with different application strategies show that the absolute drug level is altered, but the relative drug distribution with respect to the total dose is little affected ( fig. 3 b, d) . If the drug effects are dominated by C max , this suggests that prolonged applications may be more appropriate for drugs directed towards auditory function, such as steroid treatments for sudden hearing loss, while drugs directed towards vestibular function are more appropriately applied as a oneshot procedure. If the drug effects are dominated by AUC, then the application protocol may have little influence with respect to the relative (but not absolute) drug distribution within the inner ear.
The significantly higher absolute drug levels after longer application times need to be considered when choosing the applied concentration and the drug delivery system.
In addition to investigating the influence of drug application time, the simulations also demonstrate the importance of other physiological processes on inner ear drug levels. Specifically, the presence of middle ear clear- ance will affect the drug levels achieved in the perilymph for all single or repeated intratympanic injections of defined drug volumes ( fig. 3 a-c) . If drug is removed from the round window niche (in the example: after 30 min), only a small concentration peak is reached very early at the very basal (high frequency) part of the scala tympani. If volume loss of drug is prevented, e.g. through an appropriate carrier system, then the rate of middle clearance is of prime importance, with significantly higher drug levels occurring in the inner ear when the rate of middle ear clearance is slow. This demonstrates the importance of considering the quantification and control of middle ear clearance rates when developing systems for local drug delivery to the inner ear. The transfer across the RWM barrier limits the amount of drug entering the perilymphatic space. Especially for larger molecules or particles, this has been proven to be of significance as demonstrated by the more efficient gene transfer after intracochlear inoculation as compared to RWM application [25] . Although it may be possible to develop drug additives or procedures to permeabilize the RWM, this limitation may drive the development of safe methods for intracochlear or intravestibular drug application. First results are available using glucocorticoids during cochlear implantation [2] .
Computer simulations demonstrate that in local drug delivery to the inner ear, both the drug delivery system and the application protocol significantly influence the distribution of substance within the inner ear.
To select the appropriate drug delivery system, it is therefore necessary to understand and quantify drug distribution in the ear. A major advance in this respect is the development of techniques that allow the quantification of concentration gradients within the scala tympani perilymph after round window drug application [19, 24] . The goal is to control drug distribution within the inner ear after local application, enabling specific drug targeting to the relevant inner ear structures. Possible ways of reaching this goal are the use of controlled release systems to regulate drug release in the middle ear and possibly methods to manipulate middle ear clearance. Another major step in developing local drug delivery strategies for the inner ear is to overcome or specifically control drug gradients within the cochlea or between the cochlea and the vestibular system. Controlled release carriers applied locally to the inner ear would diffuse in the cochlear fluids without being cleared from them. The carrier would release the drug it was loaded with either through biodegradation or diffusion out of the carrier, a process which could be modulated by external physical stimuli. Other solutions to drug targeting could include immunological methods (using antibodies to direct a drug to a specific cell type) or using magnetic nanospheres [26] , the dispersal of which can be influenced by external magnetic fields.
